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osting by EAbstract Technical grade crosslinked polyethylene (XLPE) cable’s insulations were subjected to
heat cycling in the presence of electric stress and aqueous ionic solutions composed of NaCl,
Cu(NO3)2 and CuSO4. The results show a large water tree propensity index due to the sulphates.
To evaluate contribution of cationic and anionic parts of salt compositions, trees were grown in
solutions containing a ﬁxed sulphate anion but different cations with valences of +1(Na+, K+),
+2(Cu+) and +3(Fe+). The results of tree lengths show that cations play an important role in
the growth of water trees. Different models which suggest that the water tree generation is based
on the ionic nature of chemical species are examined in the light of present results and it is suggested
that the physical and electrochemical nature of cations play an important role in the reactions that
cause degradation of the polymer in the presence of the applied electric ﬁeld.
ª 2010 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Crosslinked polyethylene (XLPE) insulated extruded power
cables are being preferred by utilities worldwide due to their
excellent properties and maintenance free nature. In the last(M.I. Qureshi).
y. Production and hosting by
Saud University.
lseviertwo decades, a number of local cable manufacturers have
emerged in the Arabian Gulf region and are playing signiﬁcant
role in the development of underground electric power net-
works of this region. Extruded dielectric cables undergo signif-
icant degradation in the form of ‘‘water trees’’ when operated
in a wet environment. Utilities have experienced premature
cable failures much earlier than the life expectancy originally
estimated. This has caused great concern in the electrical
power industry. Consequently, the question of how to predict
the performance of a cable has assumed greater importance.
The manner in which the degradation of insulation takes place
and how its various states may be assessed, evaluated and
detected have been the subject of numerous research publica-
tions (Shenaga et al., 2008; Bartnikas and Srivastava, 2000;
Al-Arainy et al., 2007). Efforts devoted to ﬁnding a correlation
between the longest water tree generated in the cable insulation
and its retained dielectric strength have revealed some success
(Shenaga et al., 2008; Bartnikas and Srivastava, 2000; Dissado
Figure 1 Accelerated aging set up used to evaluate the water
treeing degradation of XLPE insulation. Tc = temperature sensor.
Figure 2 Test cell used for needle grown water trees.
44 M.I. Qureshi et al.and Fothergill, 1992; Al-Arainy et al., 2007). However, the
mechanisms which control the initiation and growth of water
treeing are not yet fully understood (Jow and Eichhorn,
1999; Xu and Boggs, 1994; Dissado and Fothergill, 1992).
Most of the underground distribution power networks in
Saudi Arabia employ XLPE insulated cables. Since, cables are
buried directly in soils that may contain a large variety of chem-
ical species, as a result the cable insulation can be contaminated
by ions, which could lead to water treeing degradation. Water
trees of two types, the bow-tie trees (btt) that emerge in the
insulationmatrix while the vented trees (vt) emerge at the cable’s
inner and/or outer conducting screens, propagate toward the
opposite conductor (Bartnikas and Srivastava, 2000; Al-Arainy
et al., 2004). Cable’s temperature cycling has an important inﬂu-
ence on water tree growth, since such a cycling enhances the
growth of bow-tie water trees (Bartnikas and Srivastava, 2000;
Al-Arainy et al., 2007; Qureshi et al., 2008).
The major soluble salts present in Saudi Arabian soils are in
the form of sulphates, chlorides and nitrates. Chemical analysis
of clay fraction of sub-soil in some selected areas in Saudi Ara-
bia shows the presence of large content of sulphates, nitrates
and carbonates (Qureshi et al., 2005). However, carbonate salts
are mostly insoluble in water. Moreover the soil composition
close to coastal areas contains large contents of chlorides. To
assess the comparative performance of XLPE insulated cables
manufactured locally, it is important to subject them to multi-
stress elevated aging that should include elevated stress and
temperature cycling while these are kept surrounded by speciﬁc
known species of ionic aqueous solutions. Locally produced
XLPE insulated medium voltage power cables were subjected
to heat cycling in the presence of accelerated electric stress
and aqueous ionic solutions of NaCl, Cu(NO3)2 and CuSO4
salts. The results displayed much larger water tree propensity
of cable’s insulation due to copper sulphate ionic solution as
compared to the chlorides and the nitrates. To evaluate the
contribution of cationic and anionic parts of the salts, the
growth characteristics of water trees were studied in XLPE
insulation slabs using salt solutions composed of a ﬁxed
sulphate anion but three different cations with valences of
+1(Na+, K+), +2(Cu+) and +3(Fe+). The results of these
experiments are presented and are discussed in the light of dif-
ferent models reported in the literature (Fan and Yoshimura,
1996; Patsch et al., 1996) that propose the initiation of tree gen-
eration based on ionic nature of chemical species.
2. Experimental system and procedures
XLPE insulated medium voltage cable samples were subjected
to multifactor stress accelerated aging. The samples used had
strippable outer semiconducting screens. For each cable type,
four meter long single core cable samples were cut and their
copper screens were removed. Around one meter length of
the semiconducting insulation’s screen was stripped away from
each cable end and 35 kV rated stress cones were inserted
there. Each sample thus prepared was placed inside a
grounded and covered stainless steel tank that was one meter
long, 20 cm wide and of 25 cm in height. Each tank was ﬁlled
with the aqueous ionic solution. Fig. 1 illustrates this aging set
up. The ﬂuid was circulated in closed loop with the help of a
microprocessor controlled thermal ﬂuid circulator. During this
aging, temperature of aqueous ionic solution was maintained
at 50 C for 6 h, while thermal ﬂuid circulator heater wasswitched off for the subsequent 18 h period each day. The
cable’s conductor was not subjected to any current cycling.
However, the conductor was exposed to deionized water from
both end’s as illustrated in Fig. 1.
Cables were exposed to different ionic solutions. The aque-
ous ionic solutions of 0.01 mol concentration were used and
these contained (i) Cu(NO3)2, (ii) NaCl and, (iii) CuSO4 salts.
In these experiments each set of two identical samples contain-
ing the same ionic solution were aged simultaneously where
one of them was kept at room temperature, while the other
was temperature cycled as discussed earlier. Thus, a total of
six cable samples were used and exposed to three different salts
mentioned earlier. All six samples (i.e. three of them at room
temperature and other three temperature cycled) were con-
nected in parallel and fed at 3Uo = 26.1 kV (where Uo is rated
line to neutral voltage of the cable) from a discharge free
60 Hz, AC power supply. At the end of an aging period of
840 h, a 10 cm long cable section was taken out from the mid-
dle of the immersed portion and was microtomed in slices of
Figure 3 Swarm of bow-tie trees in XLPE insulation aged in
presence of temperature cycled aqueous ionic CuSO4 solution.
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methylene blue solution and subjected to microscopic examin-
ations for water tree parameters. A stereo microscope (MZA-
PO, Leica) coupled with PC-operated digital camera with a
magniﬁcation of 180· was used to observe water trees and
keep a record for later retrieval and analysis. For tree measure-
ments software PAX-it was used.
All water trees of P10 lm in length were measured and
their numbers counted for different cases. The results showed
a higher propensity of water treeing in XLPE insulation ex-
posed to copper sulphate ionic solution when compared with
other salt solutions. This observation prompted the investiga-
tors to study and compare the effects of sulphate salts com-
posed of different cations in order to understand if cationic
or anionic part plays any role in water treeing degradation.
For this part of study the well known method of water needle
was adopted (Dissado and Fothergill, 1992). For this purpose,
XLPE insulation discs of 3 mm thickness were cut from the
test cable’s insulation and were indented with multiple nee-
dle-shaped electrodes. Such a disc was placed in between the
selected ionic salt solution and a stainless steel plate electrode
in a test cell illustrated in Fig. 2. The ionic solution was con-
tained by an enclosure made from XLPE and was subjected
to a voltage stress. A voltage of 10 kVrms, 60 Hz was applied
to a platinum electrode that was immersed in the selected ionic
salt solution while the lower stainless steel plate electrode was
grounded. Each needle depression created in the XLPE test
insulation disc acts as a ‘water needle’ and one water tree
grows at the tip of each such water needle. Solutions of four
salts (i.e. Na2SO4, K2SO4, FeSO4 and CuSO4) were used in
four parallel connected test cells that contained XLPE insula-
tion samples prepared from the same cable and an aging of
500 h was imparted to all 4 insulation samples. At the end of
the aging period, the insulations close to the needle tips were
then cut in 0.45 mm thick slices and subjected to staining prior
to microscopic examination as discussed earlier. In this case
the length of water trees were determined and compared.
It is important to note that water trees are initiated at the tips
of ‘water needles’ which are maintained at high voltage, which is
applied to the platinum electrode examined in the ionic solution.
In order to minimize effect of experimental conditions on the
test results, platinum is used due to its inert nature. Moreover,
container for the ionic solution is made from XLPE material.
The stainless steel ground electrode is in contact with test sample
on the side where water trees do not initiate, and there is no di-
rect contact between the ionic solution and stainless steel plate.
Hence, it is believed that this material does not inﬂuence water
treeing behavior in the experiments reported here.
3. Results and analysis
3.1. Role of aqueous ionic solutions on cable samples
As mentioned in the last section, the inﬂuence of a given ionic
aqueous solution was investigated on cable samples while the
ionic solution was kept at (i) room temperature and (ii) heat
cycled at 50 C. The studied tree parameters included, type
of water tree (bow-type or vented-type), maximum length
(Lmax), minimum length (Lmin) and average length (Lav). In
addition, the tree number density i.e. the number of water trees
per cubic centimeter of insulation volume was also estimated
and compared for different salts studied.3.1.1. Impact of CuSO4 solution
None of the insulation slices examined exhibited the presence of
any vented water tree (vt). However, many bow tie trees (btt)
were noted. In case of room temperature aging, the btt lengths
ranged from 42 to 219 lm which exhibited an average length of
90 lm. On the other hand, the temperature cycling of the ionic
solution produced btt which varied in a length range of 21–
519 lm exhibiting an average length of 42 lm. Thus, the tem-
perature cycling imparts a stronger inﬂuence toward deteriora-
tion of insulation due to water treeing. It increases the
propensity of insulation toward water treeing by increasing
the btt number density by three to four times. It also exhibits
a much larger scatter in btt length ranges. However, tempera-
ture cycling of the ionic solution causes a reduction in the aver-
age length of btt, this is mainly due to the fact that due to
temperature cycling many bow tie trees are initiated which
causes a reduction in the average tree length. Fig. 3 shows a
bunch of bow-tie water trees in one insulation slice of the cable.
3.1.2. Impact of Cu(NO3)2 solution
Similar to the case of CuSO4 solution, no vented tree was de-
tected in the 80 slices (aged at room temperature as well as
temperature cycled ionic solution). In case of room tempera-
ture aging, many bow tie trees were found. Their tree lengths
varied in a range of 43–219 lm exhibiting an average length
of 131 lm. On the other hand temperature cycling of the ionic
solution resulted in a signiﬁcant increase in their number den-
sity, as was noticed in case of CuSO4 salt solution. However,
the length size in case of temperature cycled ionic solution
was found to be in the range of 50–134 lm with an average
length of 84 lm. The shapes of the trees were similar to the
ones observed under CuSO4. Thus, for both CuSO4 and
Cu(NO3)2 salt, when cable insulation is exposed to ionic solu-
tion which is temperature cycled, the average btt length de-
creases, but the tree number density tends to increase.
3.1.3. Impact of NaCl solution
Inspection of 80 slices (both room temperature aged as well as
temperature cycled) did not reveal occurrence of any vented
water tree. It is most likely that aging time longer than 840 h
may be required to produce such trees as reported in the
Table 1 Comparison of btt parameters due to multistress aging of XLPE cable samples.
Ionic salt solution Room temperature 50 C g
Lmax (lm) Lmin (lm) Lav (lm) nR Lmax (lm) Lmin (lm) Lav (lm) nT
NaCl 126 32 83 1.07 430 81 201 2.86 2.67
Cu(NO3)2 219 43 131 3.33 134 50 84 3.75 1.13
CuSO4 219 42 90 3.93 519 21 42 14.64 3.73
46 M.I. Qureshi et al.literature (Qureshi et al., 2005). The btt length varied in the
range of 32–126 lm with an average length of 83 lm when
the ionic solution was kept at room temperature. However,
the temperature cycling of this solution increased the btt num-
ber density and the tree length varied in a range of 81–430 lm
with an average value of 201 lm. Thus, the temperature cy-
cling of different ionic solutions imparts different effects on
the water treeing degradation of XLPE insulation. In this
study it was noted that, the effect of temperature cycling of
NaCl solution is opposite to that observed for two copper salts
studied i.e. CuSO4 and Cu(NO3)2 as far as the average length
of btt is concerned.
Table 1 summarizes the tree parameters for six cable sam-
ples subjected to such aging. The most important of these are
the maximum length (Lmax) and the relative tree density indexFigure 4 Needle grown water trees due to (a) NaCl, and (b)
CuSO4.g. Lmax is important since it controls the retained dielectric
strength and consequently the reliability of the cable, since
the ﬁnal breakdown is reported to ensue as a result of electrical
tree formation which emerges at the tip of the longest water
tree. The tree density index g is the ratio of water tree number
density nt when the ionic solution is temperature cycled at 50 C
(nt = number of water trees per cubic centimeter of insulation
volume) to water tree number density (nR) when the ionic solu-
tion is maintained at room temperature. Hence g relatively
weighs the impact of temperature cycling of ionic solution on
the propensity of insulation toward water treeing degradation.
The resulting values in this table show that the effect of both
copper salts on water treeing is almost similar at room temper-
ature. However, the sulphate ions produce a strong impact on
the propagation of water trees especially when the ionic solu-
tion is temperature cycled at 50 C. The value of g  1.13 and
is not much affected due to temperature cycling of copper
nitrate solution but in case of copper sulphate solution g in-
creases to 3.73, showing that it exerts a strong impact on insu-
lation’s deterioration. NaCl salt produces weaker treeing
degradation at room temperature since nT is only 1.07. How-
ever, when the solution is temperature cycled at 50 C, it leads
to ‘g’ factor of 2.67 which is larger than due to copper nitrate
but smaller than the one measured for copper sulphate.
It is important to point out that in subsurface soil of Saudi
Arabia, chlorides as well as sulphates are present in abun-
dance. In the presence of copper conductor and copper screen
in the cables, CuSO4 salt is easily formed. Thus cables are ex-
pected to suffer extensive water treeing degradation when suchFigure 5 Water tree length as a function of several sulphate
solutions.
Table 2 Electro-physical properties of some elements used in the generation of water trees (Hampel, 1968; Hampel and Hawley, 1973;
Fan and Yoshimura, 1996).
Property Elements
Na K Fe Cu Ag
Atomic No. 11 19 26 29 47
Atomic Wt. 23 39 55 63.5 107.9
Ionic radii (A˚) 0.99 1.37 0.64 0.57 0.67
Ionization energy (kJ/mol) 496 419 760 750 731
Atomic volume (cm3/mol) 23.7 45.4 6.98 7.1 10.3
Electronegativity (eV) 0.93 0.82 1.65 1.9 1.93
Gibbs free energy (J/mol) 2.62 · 105 2.282 · 105 – 0.65 · 105 0.76 · 105
Ionic reduction potential (V) 2.714 2.925 0.44 +0.337 +0.792
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the presence of electric stress.
3.2. The role of cations in water tree growth
Since the aqueous ionic solution splits up into cationic and an-
ionic species then which one of the two controls the tree initi-
ation? It may be that only one of them plays the dominant
role. Fan and Yoshimura (1996) used AgNO3 solution and
showed that under the action of an applied ﬁeld, the silver ions
diffuse to the needle tip where they are reduced to metallic sil-
ver due to oxidation process and play an important role in
causing water treeing degradation. In order to investigate the
role of cations on water treeing degradation in XLPE insula-
tion, investigation was carried out using sulphates of Na, K,
Fe and Cu (cation parts) by employing the water needle tech-
nique to generate water trees. In these experiments, the ionic
solution was maintained at room temperature and test cell of
Fig. 2 was used. Fig. 4 displays the shapes of some of these
water trees produced. Ten trees produced for each ionic salt
solution were used for tree length measurements. These results
are compared in Fig. 5. Each error bar exhibits the tree length
range for the ten water needle grown trees. It is clear here that
different salts have different tree lengths. Since SO4 part is
common in all studied salts, therefore, the difference in tree
lengths in each salt can be attributed to the inﬂuence of the
speciﬁc metallic part of each salt. The longest tree lengths
are noticed for CuSO4 solution for this case also.
4. Discussion
Fan and Yoshimura (1996) suggested that the oxidation of
metals can play an important role in insulation degradation
due to water treeing. However, oxidation of metal is directly
related with its reduction potential (RP) and the Gibb’s free
energy (GFE). Table 2 summarizes both of these and several
other physical properties of metals whose effects have been
investigated in the present investigation. Silver (Ag) is added
here for a comparison since it causes extensive water treeing.
There is no doubt that silver has a negative value of GFE as
well as that for reduction potential, which emphasizes that sil-
ver gets oxidized very easily.
Among the four salts investigated in this study, the value of
RP and GFE is indeed the lowest for copper as compared to
the other three metals. However, this scenario does not ﬁt
for salts containing Sodium (Na) and Potassium (K), since Khas higher value of RP and GFE but produces longer water
trees than Na salt. On the other hand copper and iron that
are the constituting components of the ﬁnished cable belong
to the transitional group of metals in the periodic table. Tran-
sitional elements possess a strong character of variable valency
i.e. they have different oxidation states, since 3d electrons are
also involved beside 4s electrons. However, Fe possesses +3
oxidation states while Cu has only +1. The tree growth results
show that Cu generates much longer water trees. Therefore,
metal oxidation hypothesis does not ﬁt on the salts that are
generally found in the cable components as well as in the
sub-soil level.
Another hypothesis has been extended by Patsch et al.
(1996), according to which ionic species which possess smaller
ionic radii have the tendency to diffuse more deeper into the
insulation, therefore, generating longer water trees. However,
in the present experimental results, this hypothesis also does
not seem to ﬁt well, since the ionic radii for all four salts are
not in proper sequence if these are compared when considering
the resulting tree lengths. Atomic volumes also show that
mobility of charges on the respective salt’s ionic species are
not operative in a direct manner. Same is the case of electro-
negativity of the metallic part of the salt investigated.
The preceding discussion shows that the direct oxidation of
elements as well as the atomic size of ionic species does not di-
rectly relate to the size of water trees observed in XLPE insu-
lation. However, their indirect correlation cannot be ruled out.
It is most likely that the metallic part’s direct reaction with
water or hydroxyl groups of the polymer plays an important
role in the degradation process. On hydration, copper sulphate
produces a dilute acidic solution (H2SO4) (King, 1995). Copper
also reacts with ethyl alcohol to produce aldehydes. Ethyl alco-
hol is a byproduct of crosslinking reactions of XLPE, whereas
aldehydes further decompose to form free radicals and ketones
that are degraded components of the polymer’s matrix. Iron,
on the other hand, in the presence of oxygen and water, pro-
duces hydroxyl (OH) ions which act as a ‘base’ and is less se-
vere than the acidic action of the dilute H2SO4 (King, 1995).
This is why copper sulphate causes much longer water trees
than ferrous sulphate, despite the fact that the oxidation index
of iron is higher than that of copper. Tabata et al. (1972) and
later Anelli et al. (1997) have reported that sulphide trees im-
part a very deleterious effect on the polymeric insulation. Pres-
ent results show that it is not only the sulphate ion which is
important, but the type of associated cation is also an impor-
tant factor. Consequently, copper produces the most deleteri-
ous effect as explained above, while the other tested elements
48 M.I. Qureshi et al.play a lesser signiﬁcant role. These results, therefore,
emphasize the role of the physical and electro-chemical nature
of the metal part of the salt which reacts with the hydroxyl
group of the aqueous solution. As a result of this reaction,
the new species so formed, play the main role in the decompo-
sition and deterioration of the polymer’s morphological struc-
ture under the action of an applied high electric ﬁeld.
It should be noted that the two sets of experiments re-
ported here differ in the type of water trees grown. In the
ﬁrst part mainly bow-tie trees are initiated in the cable insu-
lation volume, whereas in the second part vented water trees
are initiated at the tips of water needles. Obviously treeing
initiation mechanisms will have differences among the two
cases. However, treeing propagation characteristics show that
longest water trees are observed under CuSO4 solution for
both sets of experiments. Moreover, the bow-tie tree number
density is the highest for CuSO4 ionic solution which in-
creases very much when the ionic solution is temperature
cycled. These results suggest that the presence of this salt
has very serious deteriorating effect on the electrically
stressed XLPE insulation.
5. Conclusions
1. Copper sulphate exhibits a much stronger inﬂuence on
water tree growth in XLPE cables and this effect is
increased appreciably under the action of temperature
cycling of the ionic solution.
2. It is found that cations play an important dominant role in
the initiation and growth of water trees. Different recent
models which propose that tree generation is based on
the ionic nature of chemical species, were tested in the light
of present results and were found not ﬁtting. It is proposed
that the physical and electro-chemical nature of metallic
part of the determines the reaction ﬁrst with the hydroxyl
component of the aqueous solution, and the new species
so formed then react with the polymer chains and thus play
a role in the decomposition of the matrix of the polymer
under the action of an applied electric ﬁeld. Thus, both
anions as well as cations have an inﬂuence on water treeing.Acknowledgement
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